Abstract. MicroRNAs are short RNAs that play a crucial role in all biological processes through post-transcriptional regulation for protein-coding genes and inducing mRNA degradation. Hepatitis B virus infection has been considered as a major risk factor in hepatocellular carcinoma, further research indicates that hepatitis B virus X protein (HBx) is one of the critical links of hepatocarcinogenesis. HBx takes part in hepatocarcinogenesis via regulating transcription, signal transduction, apoptosis, protein degradation and DNA repair. miRNA is the important target gene of HBx, their interaction impacts many tumor processes, such as proliferation, apoptosis, invasion, metastasis, differentiation and adipogenesis. In the present study we reviewed the current state of knowledge of regulation pathway of HBx acting on miRNAs, and focused on the role of their interplay in hepatocarcinogenesis.
Introduction
Liver cancer is one of the most common cancers in the world with an estimated 782,500 new liver cancer cases and 745,500 deaths occurring worldwide during 2012. China accounted for approximately 50% of the total number of cases and deaths in the world (1) . Most (70-90%) primary live cancers occurring worldwide are hepatocellular carcinoma (HCC) (2) . Currently, liver cancer rates are decreasing in some historically high-risk areas, including China and Japan, because of the decreasing HBV infection in China and HCV infection in Japan by elevating hygiene and sanitation (3) . Even then, 54% of HCC cases worldwide are related to HBV (4) . Therefore, research on the mechanism of HBV inducing HCC is still a crucial field to reduce the morbidity and find new therapies.
HBV contains four overlapping open reading frames (ORFs), coding the viral envelope (pre-S1/pre-S2/S), core proteins (pre-C/C), viral polymerase and hepatitis B virus x protein (HBx) (5) . HBx, a ~17 kDa protein with 154 amino acids, is an essential factor for HBV replication through accelerating mitochondrial calcium uptake and significantly contributes to HCC tumorigenesis (6) . The properties of HBx in hepatocarcinogenesis is diversiform, some studies show that HBx can influence proliferation, apoptosis, anti-apoptosis, invasion, motility, mitochondria DNA damage, oxidative stress and epigenetic changes (7) . HBx protein is an enigmatic and promiscuous transactivator that can activate a variety of viral and cellular promoters and enhancers (8) . Except for protein-protein interaction mediating transcriptional activity, HBx, targeting microRNAs directly or through other bridge protein indirectly, plays its role in HBV-associated HCC development.
MicroRNAs, that have been discovered in humans total more than 2000 species playing important roles in all biological processes by post-transcription regulation of protein-coding genes (9) . As regulator, the mature miRNA is incorporated into the RNA-induced silencing complex and promotes target mRNA degradation or repression of translation. Via these mechanism, a number of studies associate miRNAs with numerous functions in tumorigenesis including cell proliferation, differentiation, apoptosis, invasion, metastasis, autophagy (10) , epithelial-mesenchymal transition (EMT) (11) , lipogenesis (12) and epigenetics (13) . Similarly to other cancers, involvement of miRNA in HCC has been
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demonstrated, aberrant miRNA expression can affect many crucial cancer-associated pathways, including p53, RAS/ MAPK, PI3K/AKT/mTOR, WNT/β-catenin and transforming growth factor β (TGF-β) (14) . Therefore, in view of the importance of HBV infection and dysregulation miRNA in HCC generation, the interaction effects between HBV and miRNA is particularly significant. Based upon recent studies, the present study aims to review the mechanism and result of the interplay between HBx and miRNA in HBV-related HCC, which provides help to further clarify the regulation role of HBx protein for miRNA in tumor development.
The mechanism and result of HBx acting on miRNA
The mechanism of HBx acting on miRNA. Here, we summarize three mainly mechanism for HBx acting upon miRNAs. First of all, HBx alters the expressions of miRNAs by playing a role in the miRNA production process. miRNAs are transcribed by RNA polymerase Ⅱ to produce a long primary miRNAs transcripts (pri-miRNAs), and then is cleaved into ~70-nt precursor miRNAs (pre-miRNAs) by Drosha which is a member of the RNase III family, the key to it is, Drosha has a cofactor DGCR8, which is decreased by HBx through influencing its promoter activity (15) . Some studies have indicated that HBV downregulates the expression of DGCR8 by modulating its promoter activity directly, besides, data indicate that HBV induces the expression of YY1, which directly results in inhibition of DGCR8 promoter activity (16) . Notably, downregulation of DGCR8 induced by HBV can result in partial repression of miRNA expression, because of the mirtrons locating in the introns of coding genes and using splicing to bypass Drosha-DGCR8 cleavage, are alternative precursors for miRNAs biogenesis and which essential for the generation of miRNAs (16) (17) (18) .
Except for the afore-mentioned, studies have shown that the HBx RNA appears to be sufficient to downregulate its targeting microRNAs such as the deregulation of miR-15a/miR-16 (19) , the data strongly indicate that the HBx RNA, with or without the coding potential, is able to bind and trigger the decay of the corresponding microRNAs, which is reminiscent of induced downregulation of miR-122 by HBV RNA (20) and enhanced microRNA instability by the herpesvirus non-coding RNA (21) .
HBx does not bind DNA directly, its multiregulative functions are mediated by its interactions with host factors, such as activator protein-1 and -2, NF-κB and ATF2 (22) . For instance, NF-κB transcriptional activity was significantly enhanced through interacting with HBx, resulting in the increasing of miR-143 (23) and miR-146a (24) . In previous studies, HBx was shown to repress the expression of miR-148a transcription through reduced recruitment of p53 to the miR-148a promoter (25) . HBx was found to inhibit the normal function of p53 and p53 inhibited the expression of hepatocyte nuclear factor 4a (HNF4a), a key regulator of miR-122 (26) and miR-548p (27) expression in the liver. Besides, via inhibiting the activity of p53 directly, HBx decreases the expression of miR-216b (28) and miR-122. Notably, one miRNA could be regulated by various host proteins, which are the targets of HBx simultaneously, such as miR-122, which could be repressed by p53 and germline development 2 (Gld2, also called PAPD4) (26) . HBx alters host gene expression by constitutively activating cytoplasmic signal transduction pathways, and previous studies have shown that HBx could induce the expression of c-Myc which is the crucial protein in tumorigenesis, hence, c-Myc mediated the HBx-induced repression of miR-15a/16 (29) . In addition, it has been indicated that there is a HBx-c-Myc-Lin28B axis existing in let-7 regulation pathways, in turn, let-7 inhibited the expression of c-Myc and Lin28B. This antagonism, maintains a balancing equilibrium between these factors in tumorigenesis (30) . Beyond that, HBx has previously been shown to activate activator protein-1 (AP-1), and the upregulation of miR-21 by HBx is through AP-1. Moreover, AP-1 activity is reported to be negatively regulated by PDCD4, leading to the formation of positive feedback loop between AP-1-miR-21-PDCD4 (31) . In fact, HBx alone is considered a poor transformer of human and rodent hepatic cells, usually, the function of HBx regulating the expression of miRNA is achieved by a protein complex. Some researchers concluded that HBx downregulates miR-520b through interacting with Sp1 with survivin (32). Also, regulating the level of DNA methylation on the promoter of miRNA is another essential method for HBx dysregulating the expression of miRNA. In reality, HBx could induce the expression of DNA methyltransferase (DNMTs) which would increase the level of DNA methylation on the promoter of miR-132 resulting in the decreasing of miR-132 (33) . Finally, HBx could upregulate the uRG11 which stimulates hepatocellular growth by transcriptionally activating the β-catenin promoter, resulting in the increasing of miR-148a (34) . In general, HBx activates some signal pathways or key protein which could be acting on miRNA specifically to dysregulate the expression of miRNA, and induces hepatocarcinogenesis conclusively.
The results of HBx acting on miRNA. The effect of HBx acting on miRNA has two aspects, upregulation and downregulation. The detailed results are shown below (Table I) .
The effect of the particular HBx form on miRNA
Full length HBx protein (wild-type HBx, wtHBx) and its C-terminal truncated variants (trHBx proteins or Ct-HBx) are both contributing to the development of HCC. trHBx proteins are detected in HCC and differ significantly with wtHBx in their biological activities (62) .
The C-terminal region of wtHBx, which is indispensable for wtHBx stability and contributed to the wtHBx-mediated stimulation of HBV replication, starts from residues 58 and ends up with 140 (63) . under normal circumstances, wtHBx could stimulate the replication of HBV (63) , induce apoptosis (64), inhibit cell growth (64) , inhibit cell transformation (64) and exert transactivation function (66) , as a contrast, trHBx could not play a part in the above-mentioned processes. Nonetheless, wtHBx and trHBx are expressed in hepatocellular carcinoma cells and enhance the invasiveness and metastasis formation simultaneously (67, 68) .
Researchers previously identified a natural mutant of the HBx gene with C-terminal-deletion from 382 to 401 bp (termed HBxΔ127), which strongly enhanced cell proliferation and migration in HCC relative to wild-type HBx (69) . The specific mechanism is that HBxΔ127 strongly upregulates miR-215 in hepatoma cells, and the latter directly targets PTPRT (protein tyrosine phosphatase, receptor type T) mRNA which normally acts as a tumor suppressor (49) . Another important C-terminaldeletion formation is HBxΔ35. It showed that the upregulation of miR-21 which induces hepatocarcinogenesis (70) was mediated by HBxΔ35-induced interleukin-6 pathway followed by activation of STAT3 transcriptional factor (37) . Except for the C-terminal-deletion formation of HBx, recent studies suggest that viral-human hybrid RNA transcripts, which play a critical role in promoting HCC progression, may be the molecules that link HBV infection to HCC development. High-throughput next-generation sequencing studies suggest that HBV DNA integration does not occur at random locations but rather often occurs within or near-repetitive, noncoding sequences, such as long interspersed nuclear elements (LINEs) and short interspersed nuclear elements (SINEs) (71) . As a result, there is a possibility that HBV DNA may integrate into host chromosomes at locations that yield particular host/viral fusion products. Researches recently indicated a viral-human hybrid RNA transcript, HBx-LINE (denoted as HBx-LINE1), in HBV-positive HCC (72) . HBx-LINE1 contains six miR-122-binding sites, and overexpression of HBx-LINE1 effectively depleted cellular miR-122, promoting hepatic cell epithelial-mesenchymal transition (EMT), proliferation, hepatic injury, β-catenin signaling activation, E-cadherin reduction and cell migration (44) . Besides, HBx-LINE1 acts as a sponge to sequester cellular miR-122 and thus affects the expression and function of miR-122 target genes. miR-122 is a tumor suppressor and a crucial inhibitor factor for HBV infection (73-75). HBx-LINE1 rapidly decreases cellular mature miR-122 level which is an important step for HBV to successfully infect hepatocytes. Interestingly, the same phenomenon was reported in HCV infection about miR-122 sequestration, in other words, HCV RNA resulted in a miR-122 sequestration directly and induced a global de-repression of target genes by miR-122, ultimately, creating an environment fertile for the long-term oncogenic potential of HCV (76).
The influence of HBx through regulating miRNA for hepatocarcinogenesis
HBx regulating the expression of miRNA to alter the characteristic of hepatocyte biological behavior induces a complicated program of hepatocarcinogenesis. In this regulatory network, the concrete mechanism is described in detail below ( Figs. 1-3 ).
Proliferation. The results in previous study suggest that microRNA-602 plays an important regulatory role in HBx-mediated hepatocarcinogenesis by inhibiting the tumor suppressive function of RASSF1A, from very early stage of chronic HBV hepatitis and HBV-positive cirrhosis through HCC (61) . A similar mechanism also exists in miR-331-3p which is upregulated by HBx via enhancing its promoter activity, and miR-331-3p promotes proliferation of HCC cells through targeting ING5 (56) . In patients with HCC, miR-216b, which could be reduced by HBx, functions as a tumor suppressor by targeting IGF2BP2 and subsequently suppressing the downstream IGF2, AKT/mTOR and MAPK/ ERK signaling pathways, finally, inducing the proliferation (28) . Several long non-coding RNAs (lncRNAs) also play various roles in HCC progression. The Ftx transcript, which is a conserved functional lncRNA, encodes 4 microRNAs in its introns (77) , and intron 12 encodes 1 cluster of 2 microRNAs (miR-374b and miR-421) while intron b encodes 1 related cluster of 2 microRNAs (miR-374a and miR-545). miR-545/374a is positively regulated by HBx, and promotes HCC cell proliferation via downregulating ESRRG (estrogenrelated receptor gamma) (58) . miR-16 family (miR-15a, miR-15b and miR-16) members are frequently suppressed by HBx expression. CCND1 promotes cell cycle progression, and is downregulated by miR-16 directly (29). Moreover, FuT2, which is the primary synthetase of Globo H, is the target of miR-15b (40) . Globo H is a member of the family of antigenic carbohydrates that are highly expressed in various types of cancers as cancerassociated carbohydrate antigens (78) and inducing the proliferation. miR-148a, inhibited by HBx through decreasing the recruitment of p53 in its promoter region, decreases the expression of PTEN which can repress the activity of PI3K and HPIP (hematopoietic pre-B cell leukemia transcription factor-interacting protein) which regulates cancer cell growth through activation of AKT and ERK (25, 34) , in addition, miR-132, another target of HBx and downregulated through methylation of its promoter region, represses the expression of Akt directly (33) .
In HCC, HBx activates Rab18 through downregulating miR-429 directly, synchronously, HBx activates Rab18 promoter through COX-2 and 5-LOX involving AP-1 and CREB, in brief, there are two pathways such as HBx/ COX-2/5-LOX/AP-1/CREB/Rab18 and HBx/miR-429/Rab18 involved in hepatocarcinogenesis (59) . Similar regulatory mechanism presents in regulation of HBx for miR-520b. Actually, HBx alone is considered a poor transformer in human hepatic cells, some oncogenes, such as H-ras or c-Myc, is necessary for accelerating hepatocarcinogenesis (79) . Experimental investigation shows that HBx downregulates miR-520b through interacting with Sp1 with survivin, and mammalian hepatitis B X-interacting protein (HBXIP) which was originally identified as a binding protein of HBx is the target protein of miR-520b and induces the proliferation, in a word, HBX-Sp1-survivin complex increases the expression of HBXIP by repressing the miR-520b (32) . Notably, HBx also directly upregulate HBXIP in hepatoma cells through inducing demethylation of CpG islands of HBXIP promoter with its partner survivin. Adversely, miR520b targets mitogen activated protein kinase kinase kinase 2 (MEKK2) and cyclin D1 inhibits the proliferation of liver cancer cells (80) , indicating the multiple function of HBx in hepatocarcinogenesis. With regard to HBXIP, it is a new oncoprotein which was originally identified by its interaction with the C-terminus of HBx. The function of HBXIP protein is to negatively regulate HBx activity and thus to alter the replication life cycle of the virus (81) . Besides, miR-548p, which is reduced by hepatocyte nuclear factor-4a (HNF4A) mediated by HBx downregulates HBXIP by directly targeting 3'uTR of HBXIP mRNA and induces the tumorigenesis finally. Interestingly, except for HBx/HNF4A/miR-548p/HBXIP regulation axes, HBx suppresses the expression of miR-548p directly, furthermore, HNF4A directly downregulates the transcription of HBXIP by binding to the first exon, which is not dependent on post-transcriptional regulation pathway by miR-548p (27) .
Moreover, the identification of potent mutant of HBx in hepatocarcinogenesis is significant, such as HBxΔ127 and HBxΔ35. For regulating miR-21, HBx and HBxΔ35 play a part concurrently. Discriminatively, HBx protein increases the expression of miR-21 directly, on the contrary, HBxΔ35 depends on IL-6 and STAT3 which are the targets of HBxΔ127 at the same time, and HBxΔ127 regulates the STAT3 through inducing the miR-215 and repressing protein tyrosine phosphatase receptor type T (PTPRT) which is a tumor suppressor (37, 48, 49) .
Previous data indicate that estrogen receptor-α (ERα) has protective effects on HCC (82) . As a result, miR-221 negatively regulates ERα expression by interaction with the 3'-untranslated region (3'uTR) of ERα in breast cancer (83) . To date, it has been found that upregulation of miR-221 was unregulated by HBx protein in HCC, and the overexpression of miR-221 was found to induce cell proliferation by suppressing ERα (51) . Estrogens are well accepted as cancer-promoting agents in both the breast and the uterus (84) . However, they play a part in contradictory influence to protect individuals against HCC possibly dependent on the estrogens through tissue-specific selective ER modulators (85) .
Interestingly, HBx is not only inducing proliferation. In a previous study, data surprisingly revealed that HBx decreases cell proliferation of HCC cells by suppressing EGFR protein expression, mechanically, targeting EGFR mRNA 3'uTR by upregulated microRNA-7 (miR-7) in response to HBx accounts for the suppression of EGFR protein level in HBx-expressing HCC cells (35) . Furthermore, EGFR has also been reported to induce miR-7 transcription relying on its tyrosine kinase activity (86) , suggesting miR-7 as a negative feedback regulator of EGFR expression. Thus, the roles of HBx in proliferation through regulating miRNA remain controversial, there is a delicate balance between inducement and inhibition.
Apoptosis. In hepatocarcinogenesis, HBx regulates apoptosis by increasing or decreasing miRNAs. For example, as mentioned above, HBx regulates miR-21, miR-331-3p, miR-520b, miR-548p and miR-602 via corresponding mechanism to induce the proliferation of hepatocytes, these regulatory networks could repress apoptosis of hepatocyte coinstantaneous. Main reason of this phenomenon is that the target proteins of this miRNA, such as RASSF1A and HBXIP, could not only influence proliferation but also apoptosis. Furthermore, as a member of the Cullin-RING E3 ubiquitin family, Cullin-5 (CuL5) has been reported to be functionally involved in numerous cellular activities including the cell cycle and apoptosis (87) . CuL5 is the targets of miR-145 which is downregulated by HBx, finally, the overexpression of CuL5 reduces apoptosis.
Anoikis, from the Greek word 'homelessness', is a particular programmed apoptotic death due to loss or inappropriate cell adhesion (88) . In spite of its unique definition, anoikis is essentially an apoptotic process (89) . Mammary serine protease inhibitor (Maspin, also named serpin B5) which is a member belonging to the serine protease inhibitor (serpin) superfamily (90) has been shown to reduce tumor growth, metastasis and angiogenesis (91) . For hepatocarcinogenesis, taken together, recent study demonstrated that HBx enhanced the levels of microRNA-7, miR-107 and miR-21 to promote HCC tumor progression involving anoikis resistance by directly targeting and suppressing maspin expression (36) . As a result, the increase of anoikis resistance of HCC cell would lead to acquirement of the ability to survive in circulation, and finally presents distant metastasis. In a word, proliferation, apoptosis, invasion and metastasis supplement each other, and that they could not play a part isolated in tumorigenesis without the others.
For regulating apoptosis of HCC cells, feedback loop exists in HBx, miRNA targeting proteins. Programmed cell death 4 (PDCD4), a novel tumor suppressor gene (TSG), which is expressed ubiquitously in normal tissues with highest levels in liver, was recently reported to be downregulated in HCC (92) . A recent study reported for the first time that HBx downregulates PDCD4 and upregulates miR-21 expression, and the low-expression of PDCD4 induced by miR-21 could suppress apoptosis (31) . Interestingly, HBx has previously been shown to activate tumor promoting signals including protein kinase C (PKC) and activator protein-1 (AP-1) (93) and miR-21 is positively regulated by AP-1 (94) . The upregulation of miR-21 by HBx may be through AP-1. Moreover, AP-1 activity is reported to be negatively regulated by PDCD4 (95), leading to the formation of positive feedback loop between AP-1/miR-21/ PDCD4. Besides, Lin28, which is oncofetal gene, is thought to promote tumorigenesis upon re-expression in somatic cells. Lin28B, as a homologue of Lin28, was first cloned from and shown to be overexpressed in human hepatocellular carcinoma cells and clinical samples (96) . Due to the pleiotropic functions of HBx, it demonstrated that HBx induced the upregulation of c-Myc in HepG2 cells which is capable of trans-activating Lin28B (29) . In brief, HBx/c-Myc/Lin28B axis mediated the repression of let-7, and both c-Myc and Lin28B themselves are the targets of let-7, that is to say, c-Myc/Lin28B and let-7 antagonize each other, maintaining a balancing equilibrium between these factors in apoptosis (30) . Actually, the relationship between HBx and apoptosis is controversial. On the one hand, it has been reported that HBx could inhibit hepatocyte apoptosis by miRNAs and target proteins, and on the other hand, there is a p53-independent pro-apoptotic effect of HBx in vivo and in vitro (97) . In short, the regulation of apoptosis for hepatocarcinogenesis by HBx targeting miRNA is complicated and multidirectional.
Migration and invasion.
HBx does not bind DNA directly, its multi-regulative functions are mediated by its interactions with host factors, such as NF-κB and p53 (22, 98) . NF-κB transcriptional activity was significantly enhanced through interacting with HBx in HBV-HCC (99) . Research has shown that upregulation of miR-143 expression transcribed by NF-κB in HBV-HCC promotes cancer cell invasion/migration and tumor metastasis by repression of FNDC3B expression (23) . Similarly, HBx inhibits miR-148a transcription through reduced recruitment of p53 to the miR-148a promoter, and the latter suppresses the mTOR pathway through inhibition of HPIP/AKT and HPIP/ERK pathways, furthermore, mTOR is a serine/threonine protein kinase that regulates cell proliferation, migration and invasion. Taken together, HBx suppresses p53-mediated activation of miR-148a and miR-148a suppresses liver cancer cell migration and invasion in vitro through inhibition of HPIP expression, which targets the mTOR pathway (25) . Importantly, miR-148a could repress PTEN directly which is a phosphoinositide phosphatase that originally was identified as a tumor suppressor frequently promoting tumorigenesis. PTEN was indicated to be able to inhibit migration and invasion through regulation of PI3K/ Akt pathway or SRC family kinases (100). Recent studies have indicated that PTEN was also shown to be a direct target of miR148a and miR-29a, both of them could be upregulated by HBx. Thus, HBx induces the invasion and migration by promoting miR-29a and miR-148a expression, and both of them suppress the expression of PTEN (34, 41) .
The transmembrane glycoprotein E-cadherin provides a physical link between adjacent cells and is crucial for cell polarity and the structural integrity of tissue (101), loss of E-cadherin is associated with acquisition of metastatic capacity. HBx represses the expression of miR-373 which is a positive regulator of E-cadherin expression, finally, decreased E-cadherin mediated by HBx induces the invasion and migration in HCC (57) . Maspin increases cellular adherence to fibronectin via inducing integrin expression, leading to a reduction of invasion (102) . HBx induces microRNA-7/103/107 and miR-21 to suppress maspin expression, finally, decreased Maspin promote tumor progression by downregulated cell adhesion and increased cell motility (36) . Besides, HBx increases AEG-1 expression by downregulating miR-375 and miR-136, and increased AEG-1 could induce the migration and invasion in HCC (45) . In parallel, expression of miR-545/374a which promotes HCC cell migration and invasion, is positively regulated by HBV infection and can be induced by HBx expression (58) .
Methylation. Growing evidence additionally supports a role of miRNAs as both targets and effectors in aberrant mechanisms of DNA hypermethylation (103) . In mammalian cells, the DNA methyltransferase (DNMT) family contains DNMT1, DNMT3A, and DNMT3B which catalyze the addition of a methyl group to the 5'-CpG dinucleotide of the cytosine ring. Our present study indicated that miR-101 is frequently downregulated in an HBx-expressing HCC cell line, and DNMT3A is a direct target of miR-101, finally, HBx is sufficient to upregulate DNMT3A expression (43) . In addition, a study showed that HBx can repress miR-152 which can inhibit DNMT1, miR-152 induces a decrease in global DNA hypermethylation and an increase in the methylation level of two tumor suppressor genes, GSTP1 and E-cadherin (48) . In a recent study it was found that HBx was able to suppress miR-205 expression in hepatoma and liver cells through inducing hypermethylation of miR-205 promoter, resulting in the proliferation of hepatoma. Interestingly, miR-205 can directly target HBx mRNA, and repress the expression of HBx. Thereby, HBx and miR-205 presents a negative feedback control in stimulating the tumor growth process (52) .
Taken together, HBx, by dysregulating the DNMTs targets miRNAs, and finally changing the methylation level of tumor suppressor genes and influencing hepatocarcinogenesis.
Epithelial-mesenchymal transition (EMT).
In recent studies, it has been suggested that epithelial cancer cells may convert to motile mesenchymal ones by undergoing an epithelialmesenchymal transition (EMT) in tumorigenesis, which is characterized by loss of cell adhesion, repression of E-cadherin expression, acquisition of mesenchymal markers (including N-cadherin, vimentin and fibronectin) and increased cell motility and invasiveness (11) .
As mentioned above, HBx-LINE1 promotes hepatocellular carcinoma progression via depleting cellular miR-122 and miR-122 serves as a tumor suppressor and negatively regulates cancer cell proliferation, invasion and metastasis. Reduced miR-122 can activate β-catenin signaling and induce EMT (44) . Besides, RhoA, a member of Ras homolog gene family, is a potential functional target of miR-122, suggesting that miR-122 may block EMT through the direct inhibition of cellular RhoA simultaneously (104) .
Except for inducing cell growth, invasion and migration, HBx/miR-148a/HPIP/mTOR axis also promotes EMT. Moreover, miR-148a increases expression of the epithelial marker E-cadherin and decreases the E-cadherin repressor Snail as well as N-cadherin and vimentin, which are mesenchymal markers, accompanied by the inhibition of mTOR signaling. In conclusion, HBx suppresses p53-mediated activation of miR-148a and promotes EMT mediated HPIP (25) .
Autophagy. Autophagy is a natural catabolic cellular process for damaged organelles, misfolded proteins and pathogen clearing (105) . A previous study has shown that HBV survival and its replication needs autophagy (106) , and the HBx protein has been demonstrated to be the major molecule involved in inducing autophagy during HBV infection (107) .
Autophagosome formation requires beclin-1 to activate PI3 kinase class III into PI3K-phosphate which in turn recruits effectors such as double FYV6 to initiate this process (108) . Previously, it has been shown that HBx induces autophagosome formation via upregulation of beclin-1 expression (107). Besides, HBx-induced autophagosome formation is inhibited by miRNA30a overexpression which inhibits both mRNA and protein expression of beclin-1 directly (109) . Simultaneously, the study shows that miR-30a has no effect on the expression of HBx. Briefly, miRNA-30a could successfully inhibit HBx-induced autophagosome formation and induce apoptosis in hepatic cells when HBx was co-expressed along with miRNA-30a which could successfully negate the procarcinogenic effects of HBx and protect the cells against HBV infection.
Inflammation. In the past decade, abundant research showed that chronic hepatitis B virus (HBV) or hepatitis C virus infection accounts for >75% hepatocellular carcinoma (HCC) cases (110) . Furthermore, HBx has also been implicated in inflammatory response in chronic HBV infection during HCC development (111) . In this process, HBx activates NF-κB signaling (112) and enhances the expression of its downstream inflammatory targets, such as inducible nitric-oxide synthase (iNOS) (113) which is induced in a calcium/calmodulin-independent manner and generates NO in a sustained manner (114) . Recent studies suggest that HBx requires MTA1 (metastatic tumor antigen 1) which plays significant roles in both tumor biology and inflammation to stimulate the iNOS. Besides, MTA1 can be suppressed directly by miRNA-661 which is downregulated by HBx. Interestingly, although the levels of miR-661 transcript were markedly reduced by HBx, there was no effect of HBx upon the miR-661 promoter luciferase activity, probably, HBx affects the levels of miR-661 by modulating the stability of miR-661. In conclusion, in chronic inflammatory response, HBx upregulates the expression of MTA1 by repressing the level of miR-661 to induce iNOS, resulting in the increasing of NO which has been implicated in the pathogenesis of inflammatory disorders, including hepatitis B virus-associated hepatocellular carcinoma (60) .
The infection of HBV for hepatocytes do not account for the cytopathic, instead, repeating immune responses of the host results in continuous cycles of low-level liver cell destruction and regeneration (115) . Because of this mechanism, 15-40% chronic hepatitis B (CHB) carriers develop liver cirrhosis and hepatocellular carcinoma (HCC) (116) . Complement factor H (CFH), an important negative regulator of the alternative pathway of complement activation, were differentially expressed in HBV-expressing and HBV-free hepatocytes. In hepatocytes and hepatic tissue, HBx downregulates CFH expression, and lower CFH levels in hepatocytes to be a direct cause of the liver inflammation (24) . The mechanism of HBx regulating CFH is dependent on miR-146a which is an innate immunity-related miRNA and induced by HBx through enhancing its promoter activity. Luciferase reporter assays demonstrated that miR-146a downregulated CFH mRNA expression in hepatocytes via 3'-untranslated-region (uTR) pairing (24) . In brief, aforementioned studies demonstrate that the HBx/miR-146a/CFH/complement activation regulation pathway axis might play an important role in the immunopathogenesis of chronic HBV infection.
Malignant transformation.
Accumulating evidence has shown that cancer stem cells (CSCs), such as hepatic stem cells (HSC), have a tumor-initiating capacity and play crucial roles in tumor metastasis (117) . Epithelial cell adhesion molecule (EpCAM), containing intracellular domain, EpICD, is a marker of HSCs and CSCs (118) and acts as a mitogenic signal transducer via proteolysis and nuclear translocation, which binds to DNA by a complex with the scaffolding protein FHL2, β-catenin and lymphoid enhancer factor (LEF)-1 and regulates cell proliferation (119) .
Recent studies show that EpCAM can be regulated by miR-181 (120) . Furthermore, experimental results suggest that miR-181 is an epigenetic target of HBx (47) . In general, HBx induced expression of EpCAM by upregulating miR-181 to promote stemness. Chronic HBV infection often extends for decades, but the afore-mentioned stemness readily appear in liver just prior to the appearance of HCC, actually, the HBx levels of HBV carriers increase with the length of time in the liver, that is to say, the highest levels of HBx expression is always seen in the cirrhotic liver. In a word, the mechanism of HCC arising most often from cirrhotic livers can be accounted for HBx promoting 'stemness' by EpCAM through miR-181 in pathologic setting which is central to early-stage tumor development.
Except for miR-181, HBx-miR-21 pathway was prevalent in HCC cells, it was reported that upregulation of miR-21 was mediated by HBx-induced interleukin-6 pathway followed by activation of STAT3 transcriptional factor, finally, increased miR-21 is able to induce cell transformation (37, 72) .
Lipid metabolism. A hallmark of cancer cells is a higher rate of metabolism to sustain cell proliferation and metastasis (121) . Cancer cells present excessive caloric intake to keep a positive balance of energy and biosynthetic requirements. Therefore, cancer cells get through shifting lipid acquisition from lipid uptake toward de novo lipogenesis to change membrane properties and protects cells from both endogenous and exogenous damage, which is able to maintain tumorigenesis (122) . In brief, cancer cells are always endowed with increasing lipogenesis.
Rab guanosine triphosphatases, which are regulators of vesicular transport in both exocytic and endocytic pathways in eukaryotic cells, are members of the Ras oncogene superfamily (123) . Rab18, a member of Ras family, has been reported to be involved in lipogenesis of 3T3-L1 adipocytes (124) . Recent studies indicated that miR-429 was able to directly target the 3'-untranslated region of Rab18, showing that Rab18 is one of the target genes of miR-429, furthermore, HBx was able to downregulate miR-429 in hepatoma cells, in conclusion, HBx induces hepatocarcinogenesis through leading to the dysregulation of lipogenesis of hepatoma cells, depending on HBx/miR-429/Rab18 regulatory axis (59) .
The development of liver cancer might be associated with the accumulation of cholesterol in the tissues as well (125) . Acyl-CoA synthetase long-chain family member (ACSL) catalyzes the ATP-dependent acylation of fatty acids into long-chain acyl CoAs (LCA-CoAs), which is the first step in lipid metabolism after fatty acid entry into the cell (126) . ACSL1 is one of five isoforms, which is important in activating fatty acid destined for triacylglycerol synthesis (127) . Simultaneously, ACSL4 is an essential enzyme in the steroid synthesis (128) . Previous research has shown that miR-205 is capable of downregulating ACSL1 and ACSL4 via targeting its 3'uTR in hepatoma cells, furthermore, HBx can repress the expression of miR-205, so as a consequence, HBx induces the accumulation of cholesterol and acceleration of lipogenesis via increasing ACSL1 and ACSL4 as well (53, 54) .
Except for aforementioned miRNA, miR-122 is the other crucial regulation molecule for cholesterol and fatty-acid metabolism (129) . Downregulated miR-122 increases the genes involved in cholesterol biosynthesis such as HMG-CoA reductase and lipid synthesis gene such as Agpat1, Mogat1, Agpat3, Agpat9, Ppap2a and Ppap2c, besides, low-expressed miR-122 enhances TG accumulation through increasing Cidec, also known as FSP27, which is a protein that localizes to lipid droplets, negatively regulating lipolysis (129) . In fact, HBx could reduce the miR-122 transcription level via binding and sequestering endogenous miR-122 other than affecting its promoter activity, in addition, HBx reduced the Gld2 promoter activity which could increase the specific miRNA stabilization by monoadenylation (26) . Recently, a study demonstrated that miR-122 could be stabilized by Gld2 (130) , as a result, HBx is a critical protein for lipid metabolism, which regulates miR-122 via downregulating Gld2 (26).
The effect of miRNA on HBV replication and HBx expression
Depending on targeting viral transcripts or cellular factors, specific microRNAs can inhibit viral replication, on the other hand, it enhances viral replication by compromising the host defense system or negative regulators of viral replication as well. For HBV, plenty of miRNAs was suggested to target specific HBV transcripts to inhibit HBV replication being the reason of chronic viral infection, which in turn, alters the expression of specific microRNAs (131) . In a word, this regulatory circuit helps HBV to fine-tune its replication, keeping it low to escape the immune system and establish a chronic infection. This mechanism balances the relationship between virus and host to sustain long-term survival of the virus to damage hepatocytes and spread in humans (42) (Fig. 4) .
A large amount of evidence has documented that specific microRNAs can target viral transcripts, which was initially thought to serve as an innate immune system against viral infection. It was shown that miR-15a, functions as part of the RISC complex, suppress HBV replication in hepatocytes, simultaneously, miR-15a could efficiently repress HBx expression through its targeting site within the HBx coding region, interestingly, both the protein and RNA versions of HBx were able to downregulate miR-15a. In conclusion, miR-15a represses the expression of HBx by reducing the replication of HBV and targeting the HBx coding region, in turn, HBx clearly induced the repression of miR-15a (19) . Importantly, this feedback loop and self-suppression maintain the appropriate level of HBV quantity to induce chronic infection. Except for miR-15a, miR-15b, miR-125a, miR-205 and miR-548p present the same interaction inhibition and self-suppression with HBV replication or HBx expression. miR-15b, another members of miR-15/16 family, directly binds to hepatocyte nuclear factor 1α (HNF1α) mRNA, a negative regulator of HBV enhancer I, to attenuate HNF1α expression, resulting in transactivation of HBV Enhancer I, causing the enhancement of HBV replication and expression of HBV antigens, including HBx protein (39) . Interestingly, this study indicated that HBx downregulates the level of intracellular miR-15b at well, also, it has been reported that HBx protein can stimulate the DNA binding activity of HNF1α (132) . As a consequence, miR-15b and HBx forms a complex interaction network to sustain, to a certain extent, expression of HBx and virus replication. As for miR-125a, researchers found a self-inhibitory feedback loop in which HBV, through HBx, increases the expression of miR-125a, that in turn interferes with expression of HBV surface antigen, thus repressing viral replication. Besides, the function of miR-205 seems simpler and more efficient in regulating HBV replication and HBx expression, because recent study demonstrated that HBx was able to suppress miR-205 expression in hepatoma and liver cells, in turn, miR-205 can directly target HBx mRNA and downregulated HBx. More complicated, HBx can repress the expression of miR-548p (133, 134) , depending on inducing HF4A which is the important regulatory molecule for hepatocyte transformation and hepatocarcinogenesis (27) . Furthermore, miR-548p downregulates HBXIP by directly targeting 3'uTR of HBXIP mRNA, and decreased miR-548p through the above mechanism inducing the upregulation of HBXIP which is a new oncoprotein. Interestingly, HBXIP can be upregulated by HBx directly, furthermore, HBx can repress the expression of miR-548p directly other than getting through HNF4a exclusively, the latter, HNF4a can repress the HBXIP, and HBXIP, downstream element of this regulatory network, can suppress the expression of HBx (27) . To sum up, HBx/ HNF4A/miR-548p/HBXIP constitute a complex regulatory circuit to induce tumorigenesis and sustain an appropriate level of HBx and chronic infection state.
Except for self-suppression and interaction suppression between HBx and miRNA to maintain the appropriate level HBV replication and HBx expression, miRNA mediated by HBx also can induce the replication of HBV, meanwhile, increasing the expression of HBx. miR-122 and miR-216b can be repressed by HBx directly and indirectly, further, this miRNA will repress the replication of HBV (26, 28) . Hence, downregulation of miR-122 and miR-216b can induce the replication of HBV, and as a result, increasing the expression of HBx, to constitute a positive feedback and promote tumorigenesis. Whether suppression or facilitation of HBV replication and HBx expression, will eventually promote chronic infection and hepatocarcinogenesis, or are merely methods to adapt for HBV survival in human liver cells, to spread in human and giving rise to more serious liver impairment, which leads ultimately to liver cancer, need further clarification.
Conclusion
As mentioned above, in the present study we reviewed the recent findings on the interaction between HBx and miRNA and their significance in hepatocarcinogenesis. An increasing number of research shows that the interaction of HBx and miRNA regulates numerous biological processes such as proliferation, apoptosis, migration, invasion, methylation, EMT, autophagy, inflammation, transformation and lipogenesis. Moreover, at the same time, miRNA can also regulate the expression of HBx, they constitute a feedback in mediating HBV replication and HBx expression. Therefore, making it clear that the interaction of HBx and miRNA will contribute to an overall comprehension of HCC formation. Besides, by means of acting on targets which are referred to in the present review, some novel therapeutic strategies for HBV-associated HCC patients are likely to be discovered.
